Light-activated theranostics offer promising opportunities for disease diagnosis, image-guided surgery, and site-specific personalized therapy. However, current fluorescent dyes are limited by low brightness, high cytotoxicity, poor tissue penetration, and unwanted side effects. To overcome these limitations, we demonstrate a platform for optoelectronic tuning, which allows independent control of the optical properties from the electronic properties of fluorescent organic salts. This is achieved through cation-anion pairing of organic salts that can modulate the frontier molecular orbital without impacting the bandgap.
Light-activated theranostics offer promising opportunities for disease diagnosis, image-guided surgery, and site-specific personalized therapy. However, current fluorescent dyes are limited by low brightness, high cytotoxicity, poor tissue penetration, and unwanted side effects. To overcome these limitations, we demonstrate a platform for optoelectronic tuning, which allows independent control of the optical properties from the electronic properties of fluorescent organic salts. This is achieved through cation-anion pairing of organic salts that can modulate the frontier molecular orbital without impacting the bandgap.
Optoelectronic tuning enables decoupled control over the cytotoxicity and phototoxicity of fluorescent organic salts through selective generation of mitochondrial reactive oxygen species that control cell viability. We show that through counterion pairing, organic salt nanoparticles can be tuned to be either nontoxic for enhanced imaging, or phototoxic for improved photodynamic therapy.
INTRODUCTION
Fluorescent dyes offer great potential as both diagnostic and therapeutic agents, and the combined application has been termed "theranostics". These compounds can be used to improve cancer diagnoses, assist with image-guided surgery, and treat tumors by photodynamic therapy (PDT). Ideal theranostic agents localize in tumors and become activated by a specific wavelength of light to either emit a different wavelength of light that can be detected for imaging, or generate reactive species for PDT 1, 2 . PDT provides double selectivity through the use of both the dye and light, with the goal of minimizing side effects from the dye or light alone 3 . To realize the full potential of fluorescent dyes in biomedical applications, it is necessary to increase their brightness and tissue penetration in order to detect and treat deeply-embedded tumors, while also eliminating unwanted side effects.
Fluorescent dyes that absorb and emit in the near-infrared (NIR) range offer several advantages for both PDT and in vivo imaging applications. While visible light (400-650 nm) travels only millimeters in tissues, NIR light (650-1200 nm) can travel centimeters 4 : 810 nm and 980 nm NIR light have been shown to penetrate 3 cm of skin, skull, and brain tissue 5 .
Additionally, visible light absorbance by endogenous biological fluorophores such as heme and flavin groups 6 causes autofluorescence and weak signal intensity. On the other hand, NIR light is minimally absorbed by biological material, drastically reducing background noise and increasing penetrance 7, 8 . FDA-approved NIR-responsive fluorescent dyes including indocyanine green, 5-aminolevulinic acid, and methylene blue are available and used in medical diagnostics 9 , but are limited due to their low level of brightness. Other commercially available NIR-responsive fluorescent dyes include heptamethine cyanine (Cy7), Alexa Fluor 750, and heptamethine dye IR-808 [10] [11] [12] . However, these dyes display low brightness, high toxicity, and poor aqueous stability 13 . Recent PDT-based nanocrystals show energy level tunability via surface ligand modification but have poor biocompatibility due to heavy elements and minute absorbance in the NIR range that stem from a lack of oscillator strength near their bandgap. For example, semiconductor nanocrystals have absorption coefficients of ~10 3 /cm for PbS and PbSe compared to ~10 6 /cm for cyanines with bandgaps around 850nmthis translates to 1000 times less absorption per nanometer of material by nanocrystals ( Supplementary Figure S1) .
Fluorescent organic salts, composed of a fluorescent ion and a counterion, have been developed to increase aqueous solubility and photostability 14, 15 . The counterion has largely been thought to have little impact on the properties of the fluorescent organic salts. Only a few reports have investigated the impact of the counterion, but have been limited to encapsulated matrices for modestly increasing the quantum yield [16] [17] [18] [19] , or have shown no impact on toxicity 20, 21 . The latter study investigated two anions with a visible rhodamine dye, but showed no significant difference in cell viability between the two key anions in a range of cell lines (Hs578Bst, Hs578T, and MDA-MB-231) and did not investigate phototoxicity 20 .
Here, we focus on NIR-responsive polymethine cyanine dyes, which have been used as effective theranostic agents 10, 22 . Heterocyclic polymethine cyanine dyes have been found to preferentially accumulate in tumors and circulating cancer cells 23 even in the absence of bioconjugation to tumor-targeting molecules. This is thought to occur through a mechanism mediated by increased expression of organic anion transporter peptides (OATPs) and hypoxia-inducible factor 1-alpha (HIF1α), both of which are upregulated in cancer cells 24 .
HIF1α promotes tumor angiogenesis and expression of OATPs, which facilitate the uptake of polymethine cyanine dyes 25 , as shown by competitive inhibition of OATP1B3 22 . Lipophilic photosensitizers may also associate into circulating low-density lipoproteins (LDLs) and be imported by cells via ATP-mediated endocytosis 26 . Charged molecules taken up by the cell accumulate in negatively charged organelles such as mitochondria and lysosomes, where light irradiation can induce generation of reactive oxygen species (ROS) 27 . While the exact mode of uptake and localization varies depending on the chemical characteristics of any given photosensitizer, these mechanisms are uniquely active in tumor cells, leading to tumorspecific accumulation and retention 28 .
Cellular toxicity of fluorescent molecules is caused by the combination of: 1) cytotoxicity -toxicity in the dark, independent of photoexcitation; and 2) phototoxicitytoxicity with light illumination, or photoexcitation. While the tumor-specific accumulation of polymethine cyanine dyes reduces their nonspecific toxicity, low levels of systemic toxicity remain due to the cytotoxicity of unexcited molecules 28 . For applications in tumor imaging, both cytotoxicity and phototoxicity need to be eliminated to minimize side effects. For applications in PDT, cytotoxicity must be eliminated, while phototoxicity should be enhanced to selectively kill cancer cells with targeted light therapy.
We recently reported that a range of weakly coordinating anions can modulate frontier molecular orbital levels of a photoactive heptamethine cyanine cation (Cy + ) in solar cells without changing the bandgap 29, 30 . Thus, we are able to control the electronics (i.e. frontier molecular orbitals) of photoactive molecules independently from their optical properties (i.e. bandgaps). We have subsequently employed this electronic tunability to demonstrate cyaninebased organic salt photovoltaics with > 7 year lifetime under typical solar illumination 31 .
Here, we demonstrate the impact of the counterion on independently controlling both cytotoxicity and phototoxicity of fluorescent organic salts in cancer cells for enhanced imaging and improved PDT ( Figure 1A) . We achieve this by pairing the NIR-absorbing Cy + with various dipole-modulating counterions, and characterizing their effect on human lung carcinoma and metastatic human melanoma cell lines. We find that counterion pairings with small hard anions lead to high cytotoxicity even at low concentrations. In comparison, counterion pairings with bulkier, halogenated anions can remain nontoxic even at 20x higher concentrations. We further report a distinct intermediate group of anion pairings that are highly phototoxic, but exhibit negligible cytotoxicity, making them ideal photosensitizers for PDT. This concept of tuning the cytotoxicity and phototoxicity of fluorescent organic salts is a new platform for controlling the photoexcited interactions at the cellular level. It opens new opportunities for greater tissue penetration and the potential for minimizing side effects.
Moreover, this approach may be applied to both novel and existing luminophores, including assembled fluorescent probes, phosphors, nanocrystals, and other hybrid nanoparticles [32] [33] [34] [35] [36] .
RESULTS
Characterization of fluorescent organic salts. Cy + is a photoactive cation that absorbs and emits in NIR wavelengths, with a bandgap of 1.3 eV ( Figure 1B) . A range of anions were tested based on our previous studies, demonstrating a full range of valence energy levels that can be tailored by over 1 eV 29, 31 S1), both of which have been correlated to HOMO 37, 38 . The optical properties of the different ion-counterion pairings remain the same, with equivalent quantum yields and absorbance/emission spectra (Figure 1C, Supplementary Figure S4 , Supplementary Table S2 ). In DMSO, fully dissolved salts display a major peak at 833 nm and a minor shoulder at 764 nm (and no observable shift in redox potential as shown in with this approach, which is expected due to their similar solubilities in water (Figure 1C , Supplementary Table S3 ). In aqueous solution, the nanoparticles exhibit distinct peak broadening from the major peak and the minor shoulder. The hypsochromic shift of the 764 nm shoulder peak and a bathochromatic shift of the 833 nm peak are indicative of both H-and J-aggregation during the nanoparticle formation process. Nanoparticle organization limits the availability for exchange of the ions and preserves salt composition. Nanoparticle size of a typical bulky pairing (CyTPFB) was characterized by small-angle X-ray scattering (SAXS):
the mean particle size is 4.1 ± 0.6 nm (Supplementary Figure S5A) , a size that is easily taken up by cells 39 . This data was corroborated using scanning electron microscopy (SEM) (Supplementary Figure S5B) . The nanoparticles remain stable in cell media for at least 22 days (Supplementary Figure S6) .
Tunable cellular toxicity. Human lung carcinoma (A549) and metastatic human melanoma (WM1158) cell lines were used as representative models of two distinct cancer types with increased expression of OATP1B1 and OATP1B3 40, 41 but have limited treatment options.
Cells were treated with multiple Cy + -anion pairings by diluting organic salts with cell media to generate self-forming nanoparticles. Cells were incubated with various concentrations of the salt nanoparticles with or without 850 nm light to assess cytotoxicity in the dark and phototoxicity with 850 nm irradiation. Cell viability assays show that Cy + is cytotoxic at 1 μ M for A549 cells even without exposure to NIR light when paired with small hard anions such as I -, SbF 6 -, or PF 6 − , and only slightly more phototoxic when exposed to light (Figure 2A) . In contrast, pairings with anions such as FPhBand CoCBhave little cytotoxicity for concentrations below 7.5 µM but are already highly phototoxic at 5.0 µM and 5.5 µM, respectively ( Figure 2B) . The combination of low cytotoxicity and high phototoxicity is ideal for photosensitizers in PDT. This starkly contrasts to reports that the anion has no impact on dark cytotoxicity in breast cancer cells when paired with a larger bandgap fluorophore 20 . On the other hand, Cy + is found to be nontoxic when paired with TPFB -, TFM -, and TRIS − . These pairings display negligible cytotoxicity and only modest phototoxicity at much higher concentrations, > 15 μ M (TPFB), > 20 μ M (TFM), and > 30 μ M (TRIS), making them more ideal for imaging applications (Fig 2C) . Both cytotoxicity and phototoxicity are shown to be dose-dependent for all ion pairings tested, with the exception of TRIS -, which displayed no cytotoxicity in the concentrations tested up to 100 μ M (Figure 2C ; Supplementary Table   S4 ). The dose-dependent response observed in A549 cells is also consistent in WM1158 cells (Supplementary Figure S7 ).
Mechanism of toxicity.
To determine the mechanism of the observed tunability in cytotoxicity and phototoxicity, we investigated salt localization within the cell, which can influence the types of ROS generated and their impact on the cell. Colocalization analysis was done in A549 cells dosed with CyPF 6 (Figure 3A) and stained with a DNA stain, Hoechst (Ho; Figure 3B ), and a mitochondrial stain, Rhodamine 123 (Rho123; Figure 3C ).
Colocalization was observed for CyPF 6 and mitochondrial tracker Rho123, but not with DNA-specific Ho (Figure 3D ). This indicates that the salts preferentially localize in the mitochondria, which is expected due to the positive charge of Cy + . Some of the salts that does not colocalize with Rho123 could potentially be found within lysosomes, another negatively charged organelle within the cell. Similar results were observed with CyTPFB and CyFPhB ( Supplementary Table S5 ).
The mechanism of tunability was further studied by oxidative stress analysis using ROS sensitive probes. MitoSOX was used to measure mitochondrial superoxide, and chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate (Cm-H 2 DCFDA) was used to analyze general cytoplasmic ROS levels in cells treated with phototoxic levels of organic salts (Figure 4) . We found that an increase in mitochondrial superoxide is directly correlated with both cytotoxicity and phototoxicity of organic salts. Cytotoxic CyPF 6 generates superoxide with or without light; phototoxic (but not cytotoxic) CyFPhB photo-generates superoxide only with illumination; and nontoxic CyTPFB generates minimal superoxide even with illumination at high concentrations. No cytoplasmic ROS was detected using general cytoplasmic ROS probe Cm-H 2 DCFDA (Figure 4) . This data demonstrates that the toxicity of organic salts is caused by localized generation of superoxide within the mitochondria.
Mitochondrial superoxide is known to mediate apoptosis through oxidative damage of mitochondrial DNA, hyperpolarization of the mitochondrial membrane potential, and protein modifications leading to the opening of the mitochondrial permeability transition pore 42 To determine whether the counterion affects cellular uptake of organic salts, intracellular levels of different Cy + -anion pairings were measured by high performance liquid chromatography-mass spectrometry (HPLC-MS). No correlation was observed between toxicity and the intracellular concentration of organic salts (Supplementary Figure S9A ), demonstrating that differential anion mediated uptake is not the cause of the observed modulation in toxicity, even if it is possible that nanoparticle size may be altered upon cellular uptake. In fact, it appears that the opposite may be true: Cy + anion pairings with lower cytotoxicity generally had higher intracellular concentrations. However, it should be noted that toxic salts that induce cell death are more likely to rupture and release dyes, potentially decreasing the observed intracellular concentrations.
Furthermore, we found that the anions themselves are not toxic: addition of a phototoxic anion such as Ipaired with a non-fluorescent cation such as potassium (K + ) is neither cytotoxic nor phototoxic (Supplementary Figure S9B) . Non-cytotoxic anion-cation pairings cannot be made more toxic by addition of toxic anion salts; for example, a nontoxic salt (CyTRIS) does not become cytotoxic or phototoxic by addition of a toxic precursor salt (KI; Supplementary Figure S9B ). However, when the reverse experiment was done and a toxic salt (CyPF 6 ) was supplemented with a nontoxic precursor salt (KTPFB), toxicity was mitigated (Supplementary Figure S9C) . This is likely due to variance in nanoparticle stability in cellular environments: in cell media, nanoparticles become less stable when Cy + is paired with small, hard anions (I -, SbF 6 -, and PF 6 -), while nanoparticles remain stable when Cy + is paired with bulkier halogenated anions (FPhB -, CoCB -, TPFB -, TFM -, and TRIS -;
Supplementary Figure S8) . Thus, CyPF 6 may undergo an energetically favorable anion exchange with KTPFB to generate the nontoxic CyTPFB species in cell media, leading to decreased toxicity and increased cell viability. These data indicate that the toxicity of organic salts is not due to the toxicity of the anion itself, or cellular uptake.
Applications in imaging.
We next demonstrated that the concept of counterion-mediated tunability can be used to improve in vitro imaging of live cells. Commercially available cyanine molecules used for NIR imaging are typically formulated with halide anions (e.g. chloride or iodide), including the Cy3, Cy5, and Cy7 analogs. We performed anion exchange reactions on Cy7Cl to replace the chloride with the range of anions described above. While
Cy7Cl is highly cytotoxic, Cy7 + can be tuned to become less toxic when paired with TPFBand TRIS - (Figure 5A) . This demonstrates that anionic modulation of toxicity is not limited to a specific fluorescent cation, and this effect can be replicated in alternative organic salt formulations. Reduced toxicity is desirable for live cell imaging, as brighter images can be captured with less cellular damage. We have improved live cell imaging using nontoxic anion pairing in both Cy + and Cy7 + . In contrast to the images obtained using toxic CyPF 6 and Cy7Cl, brighter images can be captured using nontoxic CyTPFB and Cy7TPFB (Figure 5B-E 
DISCUSSION
There is growing interest in developing noninvasive cancer theranostic agents that can detect and target a wide range of tumor types with minimal toxic side effects. This work develops a platform for tuning the toxicity of theranostic agents through counterion pairings for applications in both enhanced imaging and effective therapy. We have demonstrated the ability of weakly coordinating anions to tune cellular toxicity of multiple organic salts, by influencing the energy level of the fluorescent cation to impact generation of mitochondrial superoxide. Nanoparticle formation is necessary for the observed modulation of cellular toxicity by the counterion, as it preserves salt composition and prevents ionic dissociation in aqueous solution. We have shown that the tunability in cellular toxicity is independent of intracellular concentration, localization, anionic toxicity, and is not specific to a particular ionic fluorophore. These data demonstrate that electronic modulation via counterion pairing can tune the cytotoxicity and phototoxicity of photosensitizers in cellular environments. We find a correlation between the zeta potential of nanoparticles in aqueous solution and their cyto-and phototoxicity (Supplementary Figure S10) . Cytotoxic/phototoxic nanoparticles have positive zeta potentials, while non-cytotoxic/phototoxic nanoparticles have negative zeta potentials, and non-cytotoxic/non-phototoxic nanoparticles have even lower negative zeta potentials (Supplementary Figure S10) . Interestingly, nanoparticles with negative zeta potentials have distinct cyto-and phototoxicities, while nanoparticles with positive zeta potentials have overlapping cyto-and phototoxicities (Supplementary Figure S10) . Zeta potential has been correlated to HOMO level 38 , and these shifts in HOMO are likely the driving force for dictating phototoxicity. While we have demonstrated the correlation between energy level modulation and phototoxicity, the mechanism by which valence energy levels effect cellular toxicity remains an open question for future studies. We hypothesize that the degree of phototoxicity is dictated by energy level resonance with components in the mitochondria. For example, CyFPhB with a lower absolute HOMO is highly phototoxic, while CyTPFB with a higher absolute HOMO is not phototoxic even at orders of magnitude higher concentrations. This is likely due to the ability of the photoactivated fluorophore to resonately perform electron transfer reactions within the mitochondria and therefore produce varying amounts and types of particular radical and reactive species. Energy level modulation is only achievable with nanoparticle formulation, as free salts show the same redox potential and therefore the same energy level (Supplementary Figure S3 ) 29 
Synthesis of CyTRIS and CyTFM: Precursor salts (CyI and TBA-TRIS or NaTFM)
were dissolved in DCM in a 1:2 molar ratio and stirred at room temperature under nitrogen for 1 hour. The reaction contents were passed through a silica gel plug using DCM as the eluent, where the purified product was collected and quantified with UPLC-MS as described for the salts above. Similar yields and purities were achieved for CyTRIS and CyTFM as other salts.
Synthesis of CyCoCB:
Precursor salts CyI and NaCoCB were dissolved in MeOH in a 1:2 molar ratio and stirred at room temperature under nitrogen. CyCoCB formed and precipitated out of solution after approximately 5 minutes. The crude product was collected using vacuum filtration and rinsed with MeOH. It was then purified with silica gel chromatography and the purity was quantified with UPLC-MS as detailed previously.
Reaction yield and purity of CyCoCB was similar to that of the other salts discussed here 30, 31 . Immediately after irradiation, the media was replenished with fresh dye-laced media and allowed to incubate for another 24 hours. The same procedure was done at 48 and 72 hours, but the cells received no further dye-laced media after 72 hours. Viable cell number was determined at 24 and 96 hours using 4% trypan blue and a Nexcelom Cellometer Auto T4 cell counter. All assays were done with 3 biological replicates. The fold change in cell proliferation over days of treatment was calculated using the following equation 44 :
Synthesis of
The half maximal inhibitory concentration (IC 50 ) was calculated by linear regression analysis of cell viability versus concentration data. Fluorescence was normalized to the initial value.
Ultraviolet visible spectroscopy. Cyanine dyes were diluted to a concentration of 5 µM in cell media. All dyes were characterized using a Perkin-Elmer 25 UV-Vis spectrometer in the wavelength range from 500-1100 nm in normal incidence transmission mode with a resolution of 1 nm and a 1.27 cm path length. A pure solvent reference was utilized to remove reflections so that the absorption is calculated as 1-transmission. Figure S5 with a mean particle size of 4.1 ± 0.6 nm. Solubility limits prevented collection of SAXS data for the other CyX nanoparticles, as high concentrations of > 1 mg/mL were necessary to obtain data above the background (see Supplementary Table S3 ). MitoSOX was used to measure mitochondrial superoxide, and H 2 DCFDA for general cytoplasmic ROS in A549 cell treated with organic salts at indicated phototoxic concentrations over 4 days. Phototoxic concentrations were determined from the data in Figure 1 . This data confirms that CyPF 6 is cytotoxic, catalyzing superoxide with or without light; CyFPhB is phototoxic but not cytotoxic, photo-generating superoxide only with illumination; and CyTPFB is nontoxic, generating minimal superoxide even with light at high concentrations (*P ≤ 0.05). Data are displayed as means ± SD, n = 3. 
Zeta potential measurements of nanoparticles. A Zetasizer

